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Abstract
TileCal is the central hadronic calorimeter of the ATLAS detector operating at LHC. It is a sampling calorimeter whose
active material is made of scintillating plastic tiles. Scintillation light is read by photomultipliers. A Laser system is
used to monitor their gain stability. During dedicated calibration runs the Laser system sends via long optical fibers,
a monitored amount of light simultaneously to all the ≈10000 photomultipliers of TileCal. This note describes two
complementary methods to measure the stability of the photomultipliers gain using the Laser calibration runs. The
results of validation tests are presented for both methods and their respective performances and limitations are discussed.
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1. Introduction
The ATLAS detector [1] is now operating at the Large Hadron Collider at CERN. It is a general purpose
detector, combining several sub-detectors (trackers, calorimeters and muon spectrometers). The central
hadronic calorimetry is performed by the TileCal sub-detector [2].
TileCal is a sampling calorimeter using iron as absorber and plastic scintillating tiles as active mate-
rial. The scintillation light produced by the passage of particles is read by photomultipliers (PMTs) of
model Hamamatsu R7877. TileCal readout is segmented in approximately 5000 cells (longitudinally and
transversely), each of them being read by two PMTs. The various systems used to perform the calorimeter
calibration will be briefly described in this note.
Amongst the calibration systems, a Laser device is used for the monitoring of the response of the
calorimeter PMTs. This system sends a controlled light pulse via dedicated optical fiber to each of the
9852 PMTs composing the readout. It allows to monitor the stability and linearity of the PMTs gain. In this
note we give a description of the Laser system and of the methods used to measure the gain of the PMTs.
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2. TileCal calibration
The charged particles produced by the electromagnetic and hadronic showers in TileCal produce light
in the scintillating tiles. This light is collected on the edges of each tile and is transmitted via wave length
shifting fibers to the PMTs. The PMTs analog signal is treated by a front-end electronics which convert it
into a digitized signal proportional to the visible energy deposit in the corresponding calorimeter cell. The
role of the calibration is to convert the digitized signal of a cell into an energy, and to monitor the stability
of the calibration factor.
The TileCal read-out chain is schematized on Fig.1. It includes various systems which play a role at
diﬀerent level of the chain [2].
Fig. 1. The diﬀerent calibration tool used in the TileCal calorimeter allow to check the responses of signals produced at diﬀerent stages
of the chain. The Minimum Bias (MB) physics events, Cesium, Laser and Charge Injection System are discussed briefly in the text.
2.1. The Cesium system
A Cs source can be moved (via a hydraulic system) across each cell of the calorimeter [3]. The cells
response to Cs depends on the properties of the scintillators, the quality of the optical coupling between the
diﬀerent elements (tiles, fibers, PMTs) and the gain of the PMTs. The Cs system is used to equalize the
response of all TileCal cells. This equalization can be done in two ways:
• by adjusting the PMTs gain: the high voltage of each PMT is set in such a way that each cell gives the
same response to the Cs signal. This operation is performed once to define the optimal high voltage
of each PMT.
• by applying oﬄine corrections: the cells response is monitored by the Cs system during routine runs
(performed approximately once per month). The small variations that may appear in cells response
are corrected by changing their calibration constant.
2.2. The Charge Injection System (CIS)
A signal pulse similar to the PMTs response for physics and with known amount of charge is injected at
the level of the shaping electronics. The reconstruction of this charge on a wide range allow to control the
linearity of the electronics. The CIS calibration allows to convert the PMTs digitized signal (ADC counts)
proportional to the visible energy deposit in a cell into a charge (pico-Coulomb).
The CIS calibration is operated approximately twice a week during the data taking. The variation of the
conversion factor ADC channel to pC is monitored and corrections are applied if needed.
2.3. The energy scale
About 11% of the TileCal modules were exposed to electrons beams in the years which preceded the
installation of TileCal in the ATLAS detector. Those test-beam campaigns have permitted to set the energy
scale of the calorimeter [4] and allow the confrontation with the Monte-Carlo simulations.
2.4. Minimum Bias
The minimum bias (MB) events in ATLAS are inelastic proton-proton collisions with low momentum
transfer, whose rate is proportional to the LHC luminosity [5]. MB events produce a significant signal in the
TileCal cells, with rates uniform in the azimuthal angle and moderately dependent on the pseudo-rapidity.
The MB signal can be used to detect relative variations in time in the response of the individual cells.
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2.5. Laser
TileCal laser sends light pulse simultaneously to all PMTs (the description of the system is given in
section 3), which allows to monitor individually their gain variation.
The laser calibration is designed to work in combination with Cs. Each time a Cs scan is performed
(once per month), Cs calibration constants are computed. At the same time a Laser reference run is taken.
During the following month Laser runs are taken approximately every 3 days, and the variation observed
with respect to the reference Laser runs reflects the evolution of the PMTs response between two Cs runs.
For a more detailed monitoring, Laser data are also registered within physics runs with a low frequency
(1 Hz) between the collisions of particle bunches.
3. The Laser System
3.1. Description
TileCal Laser system is described in [6]. The light source is a Q-switched DPSS (Diode-Pumped Solid
State) Laser manufactured by SPECTRA-PHYSICS [7]. It is a frequency-doubled infrared Laser emitting
a 532 nm green light beam. It delivers short pulses, similar to those produced by ionizing particles in the
scintillators with an intensity which is suﬃcient to produce simultaneously signals in all TileCal PMTs over
their entire dynamic range. A light splitting system dispatches the primary beam toward a bunch of 384 long
(>100 m) fibers bringing the light to TileCal modules. The light is then split inside each modules in order
to illuminate all the PMTs.
The light intensity is adjusted by changing the pumping intensity and introducing optical filters in the
beam. Even when the Laser operates in the same conditions (same filter and pump intensity), the light
intensity is not expected to be constant during a Laser run. It usually changes significantly from run to run,
and inside a run (heating of the Laser head, fluctuation of the laser intensity from pulse to pulse...) and is
monitored by a set of photo-diodes before and after the splitting device.
3.2. Photomultiplier gain monitoring using Laser
In order to measure the gain variations of the PMTs, two approaches have been developed referred to as
”direct” and ”statistical” methods in this note. Both methods will be briefly described in this Section.
3.2.1. Direct method
The basic idea of the direct method is to normalise the response of each PMT to the signal measured
in the photo-diodes monitoring the Laser intensity. Since the PMTs response is directly proportional to the
gain, the relative gain variation for PMT i between 2 laser runs taken at times t0 and t1 can be simply written
as:
(ΔG/G)i = (PMTi/Diode)
t1 − (PMTi/Diode)t0
(PMTi)/Diode)t1 (1)
Fig.2 shows the distribution of the variable ΔG/G (see Eq. (1)) for all PMTs of TileCal. The 2 runs used
in this plot were taken with 50 days diﬀerence. The RMS of Fig. 2 gives an upper limit of the resolution of
the method. It indicates that the statistical uncertainty on ΔG/G for a single channel is much better than 1%.
The precision of the method has been evaluated making a high voltage scan on a large group of PMTs.
The gain of a PMT is related to the applied high voltage V between the photo-cathode and the anode. A
variation ΔV on this high voltage produces a gain variation such as:
(ΔG/G) = G(V + ΔV) −G(V)G(V) =
(V + ΔV)β − Vβ
Vβ
(2)
where β is a characteristic of the PMT (for small variations, the Eq. (2) reduces to ΔG/G = βΔV/V).
In order to test the precision of the gain estimation using laser, the high voltage was changed by -1.5,
-1.0, -0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 Volts on a group of ≈4000 PMTs. For each value of the high voltage,
a laser run was taken. The expected gain variation with respect to a reference laser run taken with nominal
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Fig. 2. Distribution of the relative gain variation for
all TileCal PMTs over a period of 50 days.
Fig. 3. Expected - observed (see text) gain variation as a function of the varia-
tion of the HV applied to the the PMTs.
high voltage was computed with Eq. (2). At the same time, the gain variation was measured using Eq. (1).
Fig.3 shows the diﬀerence between the expected and measured gain variation, as a function of the high
voltage change. A very good agreement is observed between the expected and measured gain variations (the
error bars correspond to the RMS of the measurement). The maximum bias is of the order of 0.2% (for a
variation of the applied tension equal to 5 V). It shows that the direct method is precise in detecting small
gain variations.
The direct method has a very good precision, but may be aﬀected by several eﬀects. The laser intensity
is measured by the photo-diodes located 100 m upstream of TileCal. This implies that any instability in the
light transmission or in the splitting system will not be corrected by the photo-diodes and will fake a PMT
gain variation.
3.2.2. Statistical method
With respect to the direct method, the statistical method is intended to be much less dependent on the
phenomena that can aﬀect the light intensity or transmission from the Laser to TileCal. The statistical
method is based on the statistical nature of the photo-electron production and multiplication inside a PMT.
The basic idea is to express a relation between the moments of the PMT response distribution (electric
charge) and the gain G of the PMT. The formula (3) derived following reference [8] was used:
G ∝ Var(q)
〈q〉
− 〈q〉 ×
Var(I)
〈I〉2
(3)
In Eq. (3), 〈q〉 and Var(q) are respectively the average and the variance of the charge distribution measured
by a PMT during a run. Var(I) and 〈I〉 are respectively the variance and the average of the light intensity
distribution during a run. The ratio Var(I)/〈I〉2 is related to the Laser properties (variations of intensity,
coherence state...) and may vary run-by-run. It can be shown that this term is related to the correlation of
the signal qi and q j measured by 2 PMTs i and j:
Var(I)
〈I〉2
=
Cov(qi, q j)
〈qi〉〈q j〉
(4)
Using Eq. (4) and combining together all the distinct couples of PMTs, a precise value of Var(I)/〈I〉2 can
be obtained.
Eq. (3) and (4) are used to determine the relative gain variation ΔG/G of all PMTs between 2 laser
runs. The method is validated, as previously performing a scan in the high voltage of a group of PMTs,
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Fig. 4. Expected (Eq. (eq2)) and measured (Eq. (eq3) and (eq4))
gain variation obtained using the statistical method as a function
of the variation on the high voltage applied to the PMTs.
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Fig. 5. Relative gain variation as a function of time in the case of
a PMT with unstable high voltage.
and comparing the measured gain variations to the expected ones (see Eq. (2)). This test was performed
on a group of 400 PMTs, and the high voltage was changed by 0.1 V to 5.0 V. As in Section 3.2.1 a run
was taken after each variation of the high voltage, and the average gain variation on the 400 PMTs was
computed. Fig.4 shows the comparison between the expected gain variation and the measured one. A very
good agreement is obtained. The maximum bias is ≈0.3%.
The statistical method has the same precision as the direct method in the case of the high voltage scan
realized on a large group of PMT. In the case of a single PMT, the statistical method gives a measurement of
the gain variation which is much more aﬀected by statistical fluctuations than in the case of direct method.
This is related to the statistical nature of the method: the average and variance are computed with 100 000
events for each run producing a statistical uncertainty on ΔG/G of the order of 1%.
3.3. Example of gain monitoring
Few PMTs in TileCal have some accidental drift of their high voltage. Those PMTs constitute a nice
sample to test the 2 methods of gain monitoring described in this note. Since the high voltage of the PMTs
is precisely monitored, it is possible to estimate the gain variation along time for the faulty PMTs (Eq. (2)).
The gain variation with respect to a reference laser run is then computed using both direct and statistical
methods. An example of the result obtained for an unstable PMT is shown on Fig.5.
Both methods reproduce well the expected gain variation. As mentioned above, the statistical method
has larger error bars (≈1%) due to the larger statistical uncertainty.
4. Conclusions
TileCal calibration is monitored at various levels of its data acquisition chain. The Laser system is used
to monitor on an almost daily base the variations of the PMTs response between two Cs runs (performed
once per month because of their long duration).
Two methods have been developed in order to measure the relative PMTs gain variation between two
laser runs. They have been successfully validated on situations where a known gain variation was caused
(voluntarily or accidentally) and have demonstrated to be precise at the level of ≈0.3%.
Both methods are complementary:
• the direct method has a very good sensitivity (better than 0.5%) to the gain variation on individual
PMT. It may nevertheless be aﬀected by instabilities of the light transmission from the Laser to TileCal
(long fibers in an irradiated environment) and strongly depends on the precision of the Laser intensity
monitoring by the photo-diodes;
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• the statistical method is much less dependent on the variation of Laser intensity or on the ageing of
the transmission fibers (it actually does not require the photo-diodes measurement). The sensitivity of
the gain variation measurement is nevertheless limited due to the statistical nature of the method, and
gain variation smaller than 1% on a single PMT are hardly detected.
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